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BSTRACT 

A relatively new technique for  deploying la rge  a r e a  solar  a r r a y s  has  been 

developed for. the Goddard Space Flight Center by the Fairchild Hiller 

Corporation. 

fastened silicon solar  cells. 

small  volume by rolling i t  onto a drum o r  ree l .  

This design incorporates a flexible substrate to which a r e  

The a r r ay  can thus be packaged within a very 

During Phase I of this  project, a "proof-of-principle" model w a s  designed, 

fabricated and tested. 

mounted on synchronized rol lers ,  and deployed outward from a spinning 

body. The a rea  of each substrate was 8 ft. . Stabilization of the substrate 

was accomplished by an extendible scissors linkage between the a r r ays .  

Total volume of the sixteen square feet  of packaged solar  cel ls  w a s  approxi- 

mately 13-112 pounds. 

solar  radiation, and induced s t r e s ses  was also completed. 

The design consisted of two flexible, paral le l  arrays,  

2 

An analysis of the deployment, launch, vibration, 

The contract was a follow-on to NAS 5-3988, a previous study contract, to  

determine the optimum system for extending a solar  a r r a y  from a spinning 

spacecraft. 

favorable where packaged volume and weight a r e  pr imary  considerations. 

The study showed that the flexible a r r a y  is generally more  

vi i 
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1.0 INTRODUCTION 

Fairchild Hiller, Space Systems Division, has  just concluded a Phase  I 

effort  on the development of a spaceborne solar  cell a r r ay .  

directed toward designing, fabricating and testing a new concept in  solar  

power. 

silicon solar cells.  

efficiency and high power -to-weight ratio.  

The effort w a s  

This concept utilized a flexible substrate upon which were mounted 

The advantage of this  technique is its grea te r  packaging 

The design of the proof-of-principle model was evaluated in a previous study 

for the Goddard Space Flight Center. The design arr ived at during the study 

utilized a flexible substrate upon which silicon solar  cells, cover g lass  and 

inter-connections were bonded. The entire a r r a y  was then deployed from a 

pai r  of synchronized ro l le r  assemblies. 

back to  provide a 360 field of view. 

vided by a scissored linkage system. 

to offer the best packaging efficiency and the lowest weight of several  con- 

figurations studied. The design c r i te r ia  for  the study, and also for  the 

fabrication phase, a r e  l is ted below: 

The a r r a y s  were placed back-to- 

Stabilization for  the a r r a y s  was pro-  0 

This approach was shown in the study 

0 The solar  a r r a y  package dimensions were  to be no grea te r  

than 13 x 2 5  x 4 inches. 

was to  be 8' long, 1' wide, and have solar  cel ls  mounted to 

provide a 360 field of view. The deployment mechanism 

should be capable of maintaining a rigid configuration when 

fully deployed. The relationship between the a r r a y  and the 

spacecraft a r e  given in Figure 1.1. 

The a r r a y  is to deploy while spinning at r a t e s  (before de- 

ployment) of 80 and 160 r . p .  m.  

When fully deployed, the a r r a y  

'0 

0 

0 Target weight of the mechanism, wiring, inter-connectors, 

and solar  cel ls  was  1 2  lbs.  

1-1 
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F I G U R E  1 . 1  PANEL COORDI NATE SYSTEM 

The deployment mechanism was to  be capable of reliable 

operation in space. 

The substrate surfaces were  to be compatible with RTV-40, 

or similar  cell  bonding mater ia ls .  

The packaged ar ray  must  be able to withstand the shock, 

vibration, and accelerations of launch. 

Materials used in fabricating the system must be non- 

magnetic, capable of withstanding radiation and humidity. 

The packaged ar ray  was to  be capable of long t e r m  storage 

at  temperatures  which may vary from -20 C to +60 C and 

also capable of withstanding par t ia l  vacuum conditions for  

extended periods without excessive deterioration. 

The extended array was to be capable of withstanding a 

thermal  cycling test at 10 

+70 C for a thousand cycles at a nominal r a t e  of 2 h o u r s  p e r  

0 0 

-7  0 Torr p re s su re  from -70 C to 
0 

cycle. 

1 - 2  



o The s t ructure  was to be capable of meeting the above 

conditions without degrading the performance of the tes t  

cells. 

fn  addition to developing hardware for  the flexible solar a r ray ,  a study was 

also conducted on the possibility of enlarging the a r e a  of this  a r r a y  to 

determine growth possibilities of the a r r a y  as compared to other rigid 

systems. 

gram. 

The data used in the study is actual data from the hardware pro-  

Since completion of the proof -of -principle model, several  design changes 

a r e  contemplated to improve the performance of the mechanism and to 

reduce i t s  weight. Improvements a r e  also being considered in the manu- 

facture  and handling of the flexible a r r a y  which w a s  found to be a delicate 

operation during the proof -of -principle model development. 

1 - 3  



. 
2.0 DESIGN 

Phase  I of the Deployable Solar Array Pro jec t  concentrated on developing 

hardware for  deploying a 1’ x 8‘ a r ray  of so la r  cells .  

is covered in Section 1.0. 

The design c r i t e r i a  

As previously mentioned, the solar ce l l s  are attached to flexible substrates .  

T w o  a r rays ,  back-to-back, are necessary fo r  the field of view required.  

The a r r a y s  are packaged on separate ro l l e r s  to prevent the ce l l s  f rom 

coming in direct  contact with each other when wound up. In addition, it w a s  

found difficult to wind a substrate  with cells on both s ides  because of the 

considerable s t ra in  on the electrical  inter -connection between the cells.  In 

the design currently b’eing used, a layer  of thin polyurethane foam is bonded 

to  the back of the substrate  to provide a shock resis tant  buffer between the 

face of the solar  cell and the back of the next outer layer .  

to be  sufficient protection and, in addition, has  provided considerable damp- - 

ing t o  the system. 

subs t ra tes  are deployed at the sarne rate .  

This h a s  proved 

A synchronizing gear  t ra in  w a s  used to insure that both 

When deployed the substrate  is supported, fo r  load conditions normaf to  the 

a r ray ,  by a sc i s so r s  type linkage. For a spinning vehicle, however, it is 

theoretically possible that none would be needed. A spring motor and screw 

jack system provides deployment energy in addition t o  the centrifugal force.  

A centrifugal brake is used to limit the deployment rate of the substrate  and 

thereby reduce side loads on the system caused by Coriolis forces .  

b rake  is directly coupled to  the substrate synchronizing system. 

The 

The fo rces  for  deployment a r e  the centrifugal force acting on substrate  and 

l inkage plus the fo rce  imposed by the negator spring driving the s c r e w  jacks 

and the sc i s so r s  brake.  

2 - 1  



* 
2 .1  RELEASE MECHANISM 

The release mechanism is primarily to  provide 3-axis support fo r  the exten- 

sion linkage during the boost phase of flight. 

from deploying the solar  a r r a y s  prematurely.  

It is also to keep the ro l l e r s  

The mechanism chosen f o r  this application is shown in  Figure 2. 1- 

sists of two sets of clamping hooks attached to the end plates  of the s t ructure .  

It con- 

These res t ra in  the front plate of the mechanism. They are arranged so that 

release of both s ides  is nearly simultaneous, 

otherwise occur .a t  the beginning of deployment. 

ment was  intended to be pyrotechnic devices. 

ments  felt  necessary for  development tests,  an e lectr ical  solenoid device 

w a s  substituted. 

as shown in the figure. 

to the push rod are two locking blocks c i rcu lar  in shape and extending through 

the end plates.  (The rod is also supported in  the center on one of the screw 

jack support posts  to improve the structural  stability.) When this  push rod 

is displaced, the res t ra in t  l eve r s  a re  free to rotate  and re lease  the tension 

on the tension rod. The released energy then pushes forward on the t2ggle 

linkage, opening the clamping hooks, thus releasing the forward plate. 

linkage and substrate are then free to deploy. The clamping hooks a r e  

fabricated to form a cam that w i l l  open under the centrifugal force  whether 

or not the re lease  spring is active. All p a r t s  of the mechanism are of 

Unsymmetrical loads would 

The energy for  the deploy- 

But, due to the many deploy- 

The solenoid, when activated, pulls a sliding cam upward 

Attached This  cam in turn activates the push rod. 

The 

aluminum, with the exception of some hinge pins, etc. which are made of 

beryllium copper or non-magnetic stainless steel. To keep the substrate  

from unraveling, the substrate synchronizing gear  t ra in  is 'locked by the 

gear  latch on the sliding cam rod. 

The original concept proposed in the study was to use a double-cable cutting 

device which would latch the front plate with a set  of "fingers". 

discarded for  several  reasons:  

c 

This w a s  

* 

0 ,  

G 
E' 
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0 The cable would have a tendency to be f r e e  and perhaps 

jam the mechanism. 

0 Fragments of the cut cable could interrupt other systems 

on the spacecraft if it came into contact with them. 

The present  re lease mechanism is a design which can be extrapolated to 

much l a r g e r  assemblies.  

a r r a y  would be strengthening of the front plate and perhaps spreading the 

clamping hooks fur ther  apart  to  accommodate deeper s c i s so r s  linkages. 

The only probable modification needed for a l a rge r  

2 . 2  DRIVE AND EXTENSION MECHANISM 

I For a spinning vehicle, and with the particular requirements  for the Deploy- 

able Solar Array, it is theoretically possible that no drive and extension 

mechanism is necessary.  

complete spacecraft  despin, however, it was felt that some system of support 

must  be provided for  the flexible a r rays .  

spring and screw jack drive system shown in Figure 2 . 2 .  

consis ts  of 8-1/2 box links, hinged end-to-end. 

attached to  a se t  of ball screws. 

a r e  attached to the box links in such a manner a s  to  form an expandable 

s c i s s o r s  s t ructure .  The screw jacks to  which the linkage is attached a r e  

fastened on their  ends to the structural  endplates and in i t s  mid-span to  a 

set of pillow blocks. 

to the spacecraft  s t ructure .  In this manner, the moment due to the weight 

of the a r ray ,  under a l g  environment, can be directly t ransfer red  into the 

spacecraft ,  and thereby not induce large loads to  the so la r  a r r a y  s t ructure ,  

Because of ground handling and the possibility of 

The system chosen was the motor 

The linkage itself 

The inboard box link is 

Additionally, upper and lower channel l inks 
ci 

The pillow blocks a r e  intended to be fastened directly 

The screw jacks a r e  driven by a gear train,  the central  gear of which i s  

attached to a Neg'ator spr ing  drum. Upon deployment, the. spring impar t s  a 

torque to the screw jacks.  The screw jacks a r e  left and right hand threads 

c SO that an applied torque will supply a pinching motion of the linkagcs. 

2 -4 
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The box linkages a r e  manufactured of magnesium f r a m e s  to  which a r e  bonded 

aluminum face sheets. 

inch thicltness and, in addition, have a polyurethane rigid foam core  fo r  face 

sheet stability. The next three adjacent outboard links a r e  the same con- 

struction, but due to  the decreased loads the foam core  w a s  deleted. The 

next two and one-half outboard lengths a r e  the same in construction a s  the 

preceding three, except that the face sheets  a r e  .008" thick. 

lower drive l inks are made of aluminum extrusions. 

the proof-of-principle model are purchased pa r t s  and a r e  made of cold rolled 

steel, heat t reated to 125, 000 psi .  

These do not meet  the non-magnetic requirement, and their  selection w a s  

based on cost and delivery schedule. 

these i t ems  will be manufactured of titanium as pe r  the study. 

The inboard three  lengths have face sheets  of .Ole 

The upper and 

The screw jacks fo r  

The ball nuts a r e  of the same mater ia l .  

F o r  the prototype models, both of 

The gear  

t ra in  on the end of the screw jack assemblies a r e  phenolic. 

run the NegIator* motor  a r e  m a g n e s i a .  

be beryllium copper, but during the check-out of the mechanism it  proved to  

be inadequate. Therefore, a stainless steel  unit w a s  substituted. A stainless 

s teel  spring wil l  a lso be used fo r  the prototype model. 

Both d rums  to  

The Neg'ator spring w a s  intended to 

* 
2 . 3  DAMPER SYSTEM 

The damper  system on the Deployable Solar Array  was  intended to delete, or 

to eliminate as far a s  possible, the side loads due to despin of the spacecraft. 

An additional reason for damping the deployment is to eliminate a la rge  shock 

at the termination of a r r a y  travel. 

The d m p i n g  system as  sketched in Figure 2 . 3  consists of two substrate  

rollers, their  synchronizing gear  train, and the centrifugal brake.  

noticed that in addition to synchronizing the ro l l e r s  there  is also a power 

t r 'uder  through the gear  train.  The fo rce  in the substrates  is due to the 

(:(.r.it1.1fugal forcc. causcd by the spinning spacecraft and also thc force exerted 

!,:,. t l i t .  scissors linl<agc, 

* 

It w i l l  be 

-- 
1iej:istercd trade mark  of the H u n t e r  Spring Co. 
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The brake contains a planetary gear drive which rotates  the brake shoes 

at 3 x u c h  higher rate than the rollers.  

enc-gizing type. 

sxz:lai- operating conditions. 

lit::-= difficulty’is involved in analyzing its performance. 

ra::.. of the centrifugal brake is a l s o  optimum fo r  th i s  application in that it 

is z \-‘ type damper, i. e., the harder the substrate  is pulling, the more  

b r S c n g  is supplied by the damper. Due to i t s  simplicity, the cost  of fabrica- 

t i c  I s  relatively small .  

offz-red the wide choice of adjustments for  regulating the velocity of the sub- 

str=e. This  adjustment can be in several  ways. The most obvious, of 

CO’JTS?, is changing the friction pads t o  a different coefficient of friction on 

The brake shoes a r e  of a self- . 
The repeatability of the centrifugal brake is good under 

- -  The brake is a proven mechanical device and 

The force/velocity 

*? 

I The centrifugal brake was  also chosen because it 

the =--- .-&e shoe. Another method is to increase the m a s s  of the fly weight. 

A tk2-d method, which h a s  the greatest  effect but which is hardest  to  in- 

corr.,-irate, is changing the gear  ratio of the brake.  
I 

The =>aterials used in this system are  all non-magnetic. 

fabrz=ated of aluminum tubing with aluminum end fittings. The synchronizing 

gear  zrain is also aluminum as well a s  the housing fo r  the brake and all other 

brzk? parts (with the exception of the fly weights). 

to  Qklzin a high density. 

The r o l l e r s  are 

Brass was chosen‘in o r d e r  

2 . 4  STRUCTURE 

The 5aus ing  on the Deployable Solar Ar ray  is to  support the mechanism and 

the SL3strate fo r  vibration, spin, launch and handling loads. The s t ruc ture  

is r-..g-id enough to provide for deployment without binding df the mechanisms 

an2  :s also lightweight and relatively simple to manufacture. A minimum of 

dissLF-i lar  meta ls  h a s  been used to  alleviate galvanic action and differential  

ther::- 2 expansion. . 
A b*: z : n g  mount in  the end plates was necessary because of mounting of the 

r o L : z - s ,  drive screws,  etc. The easiest  w a y  to do this, it was felt, was to 
I 

2 -8 f 



use a machined par t  since i t  is not excessively large.  

ed was a magnesium billet. 

are also of magnesium, but of .032 sheet metal. 

affords only stability for  handling and is not actually a pa r t  of the s t ructurdl  

design, is also .032 magnesium sheet. 

in Figure 2.4. 

The m a t e r i d  select-  

The top and the bottom covers  of the s t ructure  

The backplate, which 

A sketch of the s t ruc ture  is shown 

Growth possibilities for  this  structure are good since very  l i t t le weight in- 

c r e a s e  is involved in extending the upper, lower, and backplates to make a 

much wider s t ructure;  nor does the depth of the box need to become much 

grea te r  to accommodate a l a rge r  a r ray .  

2 . 5  SUBSTRATE 

It was  determined during the study phase of this program that a practical  

flexible solar  cell a r r a y  should be flexible only in the direction normal  to 

the ro l l e r  from which it deploys. 

sagging ac ross  i t s  width and inducing umeces'sary loads into the cell inter-  

connects. To satisfy these requirements, consideration was  given during 

the study to the details  of design, mater ia l  selection, fabrication fea&bility, 

and functional reliability of the array. 

This w i l l  prevent the substrate  f rom 

' 

The study recommendations were  followed during the Phase  I fabrication of 

the proof-of-principle dummy ar rays .  

the study, additional work w a s  done ear ly  in Phase  I of this  program to 

fur ther  validate the study resul ts .  

array using 3 mi l  Kapton polymide film substrate.  

side were  .025  aluminum chips, and on the r eve r se  side .025 magnesium 

st i f feners  w e r e  added intermittently. 

a c r o s s  the complete aft side of the a r r a y  to prevent scuffing of the solar  

ce l l s  against the s t i f feners  and the back of the film. 

Although some t e s t s  w e r e  run during 

Tes t s  led to the design of the flexible 

Bonded on the forward 

A foam backing was  then applied 

2 - 9  
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Three mater ia ls  were considered for  the substrate:  Kapton, Mylar, and 

Fiberglass cloth impregnated with silicon rubber.  

because of i t s  high strength for a wide temperature  range coupled with a 

very light weight. 

The Kapton was selected 

The f iberglass  and rubber combination could not be made in light enough 

gauges to compete with the f i lms for this  application. In addition, the Kapton 

has  good dielectric properties,  good folding endurance, and is more  radia-  

tion resLstant than the mylar .  One drawback with the Kapton seemed to  be 

i t s  notch sensitiveness. This was, however, felt to be acceptable with the 

loads anticipated on the a r ray .  

The aluminum chips used to simulate the 13 mil  cel ls  plus their  6 mil  cover 

g lass  were .025 thick. 

combination, but w a s  felt to be adequate for ballast. 

This is slightly heavier than the cell and cover g lass  

The stiffeners intermittently installed on the back of the a r r a y  were .025 

magnesium. Other mater ia l s  considered included f iberglass  reinforced 

plastic, beryllium, aluminum, and beryllium copper. Beryllium would have 

been the best  choice structurally, but i t s  cost was prohibitive. 
0 

The foam backing on the aft side of the a r r a y  was a . 0 3 2  thick polyurethane 

bonded to the aft side of the a r ray  with an epoxy adhesive. 

seemed to be adequate and very little scuffing of the foam o r  marr ing  of the 

simulated cells was found during subsequent handling and testing. 

This  combination 

A t e s t  program was initiated to find the proper combination of film, adhesive 

p r imers ,  surface preparations, etc. In this  tes t  3 and 5 mil  specimens to  

the shape shown in Figure 2 . 5  were selected for  tes t .  Several adhesives 

w e r e  tr ied.  These included R T V - ~ O ' S ,  Epoxy 828 with a plasticizer,  and 

Dow 92 -01 8.  Surface preparation included mechanically roughing the surface 

2-11 
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FIGURE 2.5 TENSILE T E S T  SPECIMEN 

of the Kapton and adding a p r imer  for the RTV series. 

for the other adhesives included buffing the surface and 

Surface preparation 

cleaning with MEK. 

e 

The resu l t s  of these t e s t s  indicated that the RTV-40 would not adhere well to 

the film and would peel very easily. 

cells came off relatively easily. 

seemed to alleviate this  condition somewhat. 

though it was not felt to be the best possible solution. 

adequate for use  on the tes t  substrates.  

the epoxy on the Kapton film w a s  the lower strength exhibited by the fi lm 

during the test .  

the epoxy and the fi lm. 

unbonded tes t  specimen. 

sensit ive during this  test, so great c a r e  w a s  given during the fabrication of 

the dummy subs t ra tes  to putting o n  very  smooth edges. The cpoxy bonding 

The Dow 92-018 was equally poor and 

The epoxy w a s  br i t t le  but the plast ic izer  

The epoxy w a s  selected al- 

However it looked 

One curious effect of bonding with 

This  was  probably due to some chemical interaction between 

The loss  in strength was  approximately 10% over an 

The Kapton film also seemed to be fair ly  notch 

c 
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of the cel ls  to the film is not considered to be the final solution, and grea te r  

effort  wi l l  be put into developing a better system during Phase  I1 when live 

cells also will be attached to  the substrate. 

During the testing of the unit, several  cel ls  came off; but a grea t  deal m o r e  

were  damaged by just  handling of the a r r a y  in its deployed condition. 

points up the problem of developing sufficient handling equipment fo r  a flex- 

ible a r r ay  of this or any other configuration. 

This  

The a r r ay  was fastened to the substrate ro l le r  by bonding with the epoxy 

adhesive. 

itself at the frontplate attachment as w e l l  a s  at the ro l le rs .  Epoxy was used 

f o r  t h i s  but proved to'be very  unsatisfactory in that it stiffened the substrate 

a g rea t  deal and made the problem of popping the cells off much greater .  

To provide grea te r  reinforcement it w a s  also doubled back upon 

Figures  2.6A, 2.6B, and 2.6C a re  the assembly drawings of the Deployable - 

Solar Array.  They are reduced prints of F'HC Drawing 528-00000. 
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3.0 ANALYSIS 

Several analyses were  performed during the course of Phase  I to support 

design of the deployable a r ray .  They a r e  presented in this  section in the 

order  by which they affected the detail design. 

analysis, the dynamic vibration analysis, and a detailed analysis of the 

s t ructure  and mechanism due lo the loads imposed by the spin deployment, 

the vibration, and the deployment under l g  conditions. 

These were  the deployment 

3 .1  SYSTEM ANALYSIS 

This  section reviews the equations of motion necessary  to descr ibe the de- 

ployment dynamics of the Deployable Solar Array.  

problem dictates a digital solution of the final equations. 

The non-linearity of the 

The following assumptions w e r e  used in the analysis: 

Rigid body dynamics. 

Deployment occurs  in a zero  gravity field. 

Aerodynamic phenomena do not exist. 

Angular velocity vector remains  coincident with the 

spin axis. 

Dynamic system is symmetr ic  about the spin axis. 

The mathematical  model for  which the program was developed consists of a 

centerbody housing four (4) uniformly spaced deployable a r m s .  

lease, the so la r  a r r a y s  a r e  deployed under the influence of centrifugal force  

and four  constant force  s c i s s o r s  mechanisms. 

gea red  to the substrates,  a r e  used to l imit  the deployment speed. 

Upon re- 

Self-energizing brakes,  

3 -1 
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Figure 3.1A is a diagrammatic sketch of the system. 

nomenclature symbols and definitions used in this  analysis a r e  presented 

The dimensional 

3 .1 .1  Eauations of Motion 

Denoting the total angular momentum of the system before deployment be- 

gins as: 
c = w  co Io ( 1  1 

it follows that the instantaneous angular velocity a t  any t ime during deploy- 

ment i s :  
w = C / I  

b = -&I 

C 

2 and 

where 
C 

W + 4 W g + - W p + 4 W  4 + -  f i  Rc] Rc2 + - 4 W X 2 3 R 3  3 P e  

(3) 

i = 4  [ p ( X e  2 2  -Rc ) +  7 wp (2X e + R  C ) ]  Xe/g (5)  

The development of equations (4) and (5) are found in Appendix A of the study 

report .  

Having described the angular motion of the entire unit, the equilibrium equa- 

tion for each deploying panel can now be defined. 

to aid or r e s t r i c t  deployment of the flexible substrate a r e  a s  follows: 

The radial  fo rces  tending 

3.1.1.1 Centrifugal Force  

The centripetal  acceleration at any point on the deployed panel is: 
2 

a = - X u  ( 6 )  N C 

. 3 - 2  
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2 
a Linear acceleration, ft. I sec .  

C Total angular momentum, i t .  lb. sec. 

Friction coefficient, lb.  / lb .  
cf 

F Force, lb. 

6 
I Mass moment of inertia about spin axis, ft. lb. sec. 

2 
Gravity acceleration, 3 2 . 2  ft.  / sec.  

2 

Total length of substrate, ft.  

. Number of s c i s so r s  links 
I Lp 

N 

R Radius, ft. 

S 

t Time, sec.  

W Weight, lb.' 

X Radial station measured from spin axis, ft. 

X 

Gear  ratio, brake speed and substrate ro l le r  speed 

Distance of outermost point on deploying panel from spin axis, ft. 

Radial angle between speed brake m a s s  hinge and friction point 

e 

I O 2  
Radial angle between speed brake m a s s  hinge and m a s s  C.G. 

CC 

w Angular velocity, rad.  / sec .  

Substrate weight pe r  l inear foot, lb. /ft.  

Sub sc r ip t s  I 
b 

C Refers  to cylindrical centerbody 

e 

f 

n 

P Refers  to sc i s so r s  

r 

t Refers  to tangential direction 

1 Refers  to length 

Refers  to  stationary housing boxes 

Refers  to outermost point on deploying panel 

Re fe r s  to speed brake friction device 

Refers  to normal o r  radial direction 

Refers  to substrate (rolled and/or extended portion) 

- 

FIGURE 3 .  I B  NOMENCLATURE 
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Speed Brake Force 
- 

3.1 .1 .4  

3 2 
F_ = - cfs w ~ R ~ R ~ ~  X e s in  e 2 

f. 3 sin 8 - C (R  - R  C O S e l )  1 f . 1  f 

3.1.1.5 Sum mat ion of Equations 

The equation of motion for  the radial motion of the deploying panels, then, 

can be written by summing equations (7)  .through' (13). 

+ F  + F f  = O P R If R NP + FN 
FI + F I  + F  + F p  

R e c  2 f f  2 2 ' ]  x 
or 

W p + W  + p ( X  -R  ) + ( 2 S  W R / R R  

e 
2g 

c 

.. 
Solving equations (14) for X and integrating twice to obtain X and X gives 

the following equations 
e e e 

.. 
e X 

2 

[ W P + W R + p ( X  e c  -R ) +  2s R R  WfRf2  2 I 
X e = iX e d t + X  e 0 

t 

e 
X e =l k e d t  + X  

0 
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! 
. 

where . 
t a n 4  = (Xe-Rc) / d N 2 R p 2  - (X -R 2 

e c .  

t (1 -X + R  ) 
R P  e c 

d R R 2  e + 7l- 

= Radius of spool on which the substrate  is rolled. 
e 

Figures  3 . 2  through 3 .6  a r e  the result  of iterating these equations with 

equations (2) and (4) for  the conditions noted on the figures.  
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3.1.2 Loading Equations 

The loads of pr imary  interest  in the deploying pane1.s are tangential (in- 

plane) shear  and bending moments in the linkage and the tension in the 

flexible substrate.  

3.1.2.1 In-Plane Loads 

The in-plane loadings on the panels are ,a resul t  of local tangential accelera-  

t ions caused by the angular acceleration of the ent i re  unit about the spin 

axis  (equation (3)) and the corr iol is  acceleration caused by the instantaneous 

deployment velocity X. The total tangential acceleration at any point on the 

panel is 

Since the s c i s s o r s  unit is fixed to  the centerbody at a point which does not 

move radially, it is seen that 

The substrate,  however, w i l l  deploy at the same rate as X since it is being e 
unwound from a roll .  

(22) XR = x e 

The shear, then, at a point X on the deployed panel can be found by inte- 

grating the iner t ia  fo rces  outboard of that point. 

W 

e c  

dV = -a d m =  - (a).Te[ X - R  P 
T 

c 

. 
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Integrating equation (23) from X to X yields the following equation for  the e 
in-plane bending moment at a point X. 

W + P  (X - R )  (2X 3 - 3 X X  2 + X )  3 
e e c ]  e e 

M = -  
6X (X -R ) g e e c  

For both equations (23 and (24)  

R 5 X 5 X  
C e 

3.1.2.2 Substrate Tension Load 

It is assumed the substrate material  wi l l  not reac t  tangential loads and w i l l  

withstand only tension and iner t ia  loads caused by X . The inertia loads of e 
the speed brake and the undeployed ( ro l le r )  portion of the substrate is ex- 

p re s sed  a s  follows: 

.. 5 

Combining the speed brake force, expressed in equation ( 1 3 )  with the inertia 

forces ,  the tension in the individual substrates  can be expressed a s  follows: 

Calculated values of P 

3. 6 .  

f o r  various conditions is shown on Figures  3. 2 thru 
R 

3-11 



. 
3 .2  STRUCTURAL ANALYSIS 

* A structural  analysis w a s  performed on the Deployable Solar Ar ray  to 

establish its s t ructural  integrity. 

quency analysis to determine the vibratory loads in the packaged configuration 

and deployment analysis to determine the loads and deflections developed 

during deployment and in the fully deployed condition. The r e su l t s  of the 

spin deployment analysis in the previous section were  used to determine 

la terdl  loading and substrate tension during deployment. A detail s t r e s s  

analysis w'as conducted to prove the ability of the s t ructure  to withstand the 

loads acting on it.  

It consisted of forced vibration and fre- 

3 .2 .1  Load Analysis 

Three  basic loading criteria w e r e  studied for  the structure:  

. 
1) Vibration in packaged condition 

- 2 )  Static deployment 

3) Spin deployment 

. 

Several  load conditions exist  for each of the load c r i te r ia  above and &e 

identified in Figure 3. 7. 

3.2. 1.1 Vibration Analysis 

The dynamic response of the Deployable Solar Array  in the packaged con- 

figuration was  determined by representing the s t ructure  as a spr ing-mass-  

damper-system. The ro l l e r s  

and substrate  w e r e  represented by two beams (K and L) with three  m a s s e s  

on each beam. 

masses  hanging on the ends of the ro l l e r  beams K and L respectively. 

s c i s s o r  l inks w e r e  represented by two m a s s e s  on beams €1 and I. 

s c i s s o r  beams H and I are  resting on the cross beams 2 and 4 which a r e  

The dynamic model is shown in Figure 3 . 8  . 

The damper and Neg'alor spring spool were represented a s  

The 

T h e  
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FIGURE 3 .8  DYNAMIC ANALYSIS MODEL (VIBRATION) 

supported by the s c r e w  jack beam J towards the back and the  front plate G 

towards  the front. 

point and s c r e w .  The two r o l l e r s  (K and L), the screw jack J, and front 

L plate  G are all simply supported at their  ends by end channels [ 
and screw jack J has  an addition$ support at reactions E. 

L R  and 

b e a m s  bending about both principal axes. 

m a s s e s  each with three degrees  of freedom in an xyz coordinate space, 

giving a total of 39 degrees  of freedom. 

Scissor link H is also tied to front plate G at the Aid-  

and 

The end channels 

are supported at reactions A, B, C, and D and act as deep shear  

R 

The total  system consis ts  of 13 

A s t ruc tura l  analysis w a s  performed using the method of leas t  w o r k  to  

determine the load distribution for the model with th ree  degrees  of indeter- 

minacy. A three-dimensional influence coefficient matr ix  w a s  developed 
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giving the deflection of each m a s s  point in each of three mutually perpen- 

dicular directions for  

was performed on the 

the mat r ix  form: 

PI = 

a unit load applied at any m a s s  point. 

7090 computer. 

The analysis 

The influence coefficients were  in  

where the first subscript  r e f e r s  to the deflection of the m a s s  point and the 

second subscript r e f e r s  to the direction of a unit load. 

A frequency analysis was performed in which the matr ix  equation 

w a s  solved by iteration on a computer to give the first 15 natural  frequencies 

and the associated mode shapes. 

0 

The iterative process  is initiated by assuming values of X on the right hand 

side of the equations and calculating the values of X on the left hand side. 

Successive i terations a r e  performed until the computed X is equal to the 

assumed X. 

where x =  

E63 = 

L;MJ = 

column matrix of deflections of m a s s e s  

natural frequency (Rad/sec)  

square matr ix  of influence coefficients 

diagonal matr ix  of lumped m a s s e s  

A study of the mode shapes indicated which mass motions were predominate 

for each of the natural  frequencies and forced vibrations analyses were  
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conducted for  simusoidal input of ztlg in the x, y, and z directions separately 

fo r  the appropriate frequencies. In the forced vibration analysis, s t ructural  

damping was  introduced with a damping coefficient of .05.  

x and y and z analyses, t ransmissibi l i t ies  in the xJ yJ and z directions 

were  computed by use  of the matr ix  equation 

For  each of the 

Z 

where T = transmissibil i ty of each inass 

= st ructural  damping coefficient 

i .  = 6 = (introduced to represent  phase relationship) 

The input vibration levels are given below. 

VIBRATION LEVELS 

Sinusoidal Tests 

Frequency Thrust Axis 
(cps) (2) (g' s )  

5-50 

50-500 

500-2000 

2000-3000 

2.3 

10.7 

21.0 

54.0 

Transve r se  Axis 
(x &L y) . ( g ' s )  

0.9 

2 . 1  

4 . 2  

1 7  

Constant sweep r a t e  of 2 octaves/minute 
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Random Test  (each axis) 

Frequency Range PSD Amplitude Duration 
(cps) (g2/cps)(g-rms)  Min. 

20-2000 .07 11.5 4.0 

The internal loads resulting from the vibration environment were  determined 

using the transmissibil i t ies from the dynamic analysis and the internal load 

distribution from the s t ructural  analysis. 

each element of the s t ructure  a r e  summarized in Section 3. 2. 1 .4 .  

frequencies and the associated direction is given in Figure 3. 7 .  

The critical load conditions fo r  

A list of the 

3.2.1.2 Static Deployment Analysis 

A load and deflection analysis was performed fo r  static deployment. 

the sc i s so r s  linkage and substrate deploy, the gravity loads are res i s ted  by 

bending and torsion of the sc i ssors  l inks.  The deployment is character ized 

by the fact that the portion of the load car r ied  by bending and torsion changes 

with the degree of deployment. 

descr ibed in Section 3.2.1.4. The load and deflection analysis was based on 

the slightly conservative assumption that all of the vertical  load is ca r r i ed  

by the box extension links. 

A s  

The static deployment load analysis is 

0 

3.2.1.3 Spin Deployment Analysis 

The resu l t s  of a spin deployment analysis were  used to determine la te ra l  

loading on the linkage and substrate tension during deployment. 

nal  loads resulting from spin deployment are included in the internal loads 

section. 

The inter-  

3 .2 .1 .4  Internal Loads 

The most cr i t ical  loads resulting f rom vibration (packaged), static deploy- 

men t  (fully deployed), and spin deployment were determined and are 
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summarized in Figures  3 .9  through 3 . 1 7 .  The limit  loads for  static de- 

ployment are based on l. 33  g in order  that ultimate loads will be fo r  2 g. 

3 . 3  STRESS ANALYSIS 

A detailed s t r e s s  analysis was  conducted on each element of the s t ruc ture  

in order  to  establish the ability of the s t ructure  to r e s i s t  the loads which 

will come to  act upon it. 

1 .15  t imes  limit loads and ultimate margins  of safety a r e  based on 1 .5  

t imes  l imit  load. 

in Figure 3 . 1 8 .  

Yield margins of safety were based on loads of 

A summary of minimum margins  of safety is presented 

Additionally, a deflection analysis under 1 g was completed for  both static 

and rotating conditions. 

interest  of brevity but can be obtained from Fairchild Hiller Document 

DSA-SA-1, "Design Study Analysis of Deployable Solar Array". 

These are  not included in th i s  repor t  in the 
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FIGURE 3.9 SCISSORS LINK LOADS 
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P 
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--- 
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FIGURE 3.10 CROSS BEAM 2 AND 4 LOADS 
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b 

C 
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I 

C ond. 

b 

C 

c 

- 

5 - 2  5 - 3  5-4 

49.2 8. 9 49.2 

56. 7 10 .3  56. 7 

Bending 

9 

Location 

K o r  L-1 

Kor  L-2 

Kor L-3  

K o r  L-4 

Kor  L-5 

1 6 2  . - - -  I 1 6 2  

1 

J Condition a Condition b 

I 
I 

Limit Moment in lb-in 

Condition i - 1  
MX MY 
0 0 

1 .8  254 

2 .5  362 

1. 8 256 

0 5 . 0  

FI GURE 3.11 SUBSTRATE ROLLER LOADS 

Axial 

Peak Axial Load = 82 lbs. (C0nd.n) 

Peak Axial Load = 26 lbs. (Cond.0) 

(Axial load is almost ze ro  f o r  a l l  other load conditions) 

Design Condition is Cond. b (183.44 cps 2; input = 10. 7g)  

I I Bending Screw Jack lb. -in. 1 

n 
FI  GURE 3.12 SCREW JACK LOADS 
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Pt. Mom.about X axis lb-in i Mom. about Z axis lb-in 

2 3 4 ; I 1A 3 4A 

1 

1 

a 18. 7 136 1 8 . 7  1 i - -  - -  -- 
b 106 820 1 106 ' - -  -- - -  

I 
C 117 910 0 1 1 7  1. 8 1 5 . 5  1 .8  

. f 270 1675 i 270 -- - -  - -  
1 5  1 0 . 5  15 

1 2 4 . 5  - -  

-- -- - -  h 

P - -  I - -  --  - -  

. 

Max Shear 

V,(lbsj Vx(lbs] 

-- 25 

1 4 . 9  - -  
1 6 . 6  2 . 8 2  

305 

- -  2 . 0  

-- 41. 5 

- -  

Z X 

25 I --  

29 I - -  

-- I - -  

FIGURE 3.13 BOSS LOADS 

Bending and Shear (Limit Loads) 0 

F I G U R E  3.14 END CAP (BEAM G) LOADS 
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X Y Z 

I 5 8  - - -  470 

X Y 

158  - - -  

7. 65  

81. 5 

I 1 I I 
2 9 . 6  I 56 I ---  - - -  56 

69 92.6 --- - - -  
- - -  81. 5 - - -  

1718 1700 I 161  216 - - -  
I I I I 

Cond. 

a 

b 

C 

f 

h 

j 

Z I 

Restraint  Shear Pin 

lbs .  lbs. 

1 9 . 2  

3 .4  1 0 6 . 5  

3 . 8  117 

271 

30 - - -  
29 .4  - - -  

Mech. load loads 

- - -  

- - -  

I - - -  

I --- 

I --- 

FIGURE 3.15 FASTENER BOLT LOADS (A, B, C, D) 

FIGURE 3.16  FASTENER BOLT LOADS (E) 

FIGURE 3.17 RESTRAI  NT  MECtiANi SM A N D  SHEAR PI N LOADS 
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Element 

Roller boss in end plate 
Lleft Lright f i e f t  (Proto.  ) 

Roller boss  in end plate 

Roller boss  in end plate 
KR (Brake side) 

Substrate ro l l e r  

Sub st r at e r et aine r 
PI. 

Roll er pin s 

Front  plate (6) 

Cross beams (2 & 4) 

Screw jack 

Box extension link 

Hinge pins 
Box l ink  to box link 

Mode of Fai lure  

Compressive yield 
due to bending 

Shear fa i lure  in 
bonding of doubler 

Tension yield 
due to bending 

Comp . crushing 
of tube w a l l  due 
to bending 

Bending 

Torsion 

Crippling of 
element 

Bending 

Bending 
- 

Bending (comp. ) 

Shear 

FI GURE 3.18 SUMMARY OF MI NI MUM MARGI N S  OF SAFETY 
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3.4 THERMAL ANALYSIS 

The thermal analysis was performed on the Scissor-Flexible Substrate 

configuration shown in Figure 3 .19 .  

1 .  
1 
1 

! 
I 
1 

i 

FIGURE 3. 19 

. 

SCISSOR - FLEX SUBSTRATE CONFIGURATION 
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c 

The analysis considered a spacecraft with an altitude of 600-700 statute 

miles. 

line, spinning about an axis perpendicular to the plane of the solar a r r ays .  

Incident solar, albedo and earth heat fluxes were  considered. 

values in a 3 0  variation were  assumed in the calculations. 

was  performed in paramet r ic  form since various pa rame te r s  a r e  uncertain 

o r  unknown at this  time. 

The vehicle was  assumed to be stationary along the earth-sun 

The nominal 

The analysis 

One of the major  pa rame te r s  of concern is the incidence angle of the solar  

vector since 'it not only effects the power output of the cell but a lso the 

so la r  cell temperature.  The temperature is affected in two ways: 

(1) The incident solar flux is reduced by the cosine of 

the angle ( see  Figure 3. 20). 

(2) The paral le l  plate configuration a l l o w s  solar  flux to be 

incident upon the backface of the substrate.  

The latter tends to reduce the amount of radiant-interchange between the 

substrate  and therefore  increases  the solar  cell temperature .  The 0 values 
of 6 = 80 0 , 60 0 , 40° and 20 0 . 

I I 

\ I. '-. \ 
SO L A  R 
CELLS 
( R E F )  

I 
FI GURE 3. 20 INCIDENT FLUX DIAGRAM 
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where: 
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Certain portions of the a r r ay  have an additional stiffener of a magnesium 

strip. The mater ia l  c r o s s  section is, 

0.006 Quartz Cover Glass  

0 .003  RTV Adhesive 

0.013 Silicon Solar Cell 

0.005 RTV Adhesive 

0.003 H-Film Adhesive ' 

0.005 RTV Adhesive 

0.025 Magnesium Stiffner 

0.032 Flexible Foam Cushion 

Cross  Section B 

Since the incident solar  flux will "see" the polyurethane foam on the back 

of the aft substrate, its absorptance and emittance character is t ics  must  be 

known, and is the fourth major  parameter  to be considered. The values of 

absorptance and emittance of polyurethane foam a r e  not well known there-  

fo re  a selection of variable a and constant c was selected from available 

data as the pa rame te r s  in the analysis. 

a = 0.2, 0.4, 0.6 and 0, with c = 0.8. 

sidered. 

was  chosen for  comparison. 

I 
i 
I 
I 

The values chosen were: 

The effects of low c' must  be con- 
Q 

However, a case with an e = 0 . 2  and the a = 0.2,  0.4, 0 .6  and 0.8 

Using these four parameters ,  128 cases  w e r e  on a Heat Transfer  Computer 

program to determine the maximum operating temperatures .  

are shown in Figures 3. 21  thru 3.28. 

The resu l t s  

CONCLUSIONS: 

Conclusions which can be drawn f rom this  analysis are:  

e Solar cell temperature is independent of the ahsorptivity 

of the foam cushion. 
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0 Solar cell temperature is independent of the emittance 

of the foam cushion. 

Difference in material  c r o s s  section has  l i t t le effect 

on the solar  cell temperature.  

0 

. 

0 Separation distance' between the substrates  has  l i t t le  

effect for small  distances. 

0 Solar cell temperature is chiefly dependent on the 

solar  heat flux angle.of incidence and is the cause of 

the most significant changes in solar  cell  temperature .  

A parameter  which could reduce the solar  cell temperature  is the separation 

distance between the solar  cells.  A significant increase in this  distance 

would have to  be realized, however, before any sizeable change in cell 

temperature would occur. 

It should be noted that this  analysis purposely selected the worst  heating 

condition which would occur for  the Deployable Solar Array  and therefore 

the temperature for any other case would be less. 

100 

90 

80 
V 

1 'O 

3 6o 

2 

0 

W n 
I- 

w 50 
a 
I ' 40  
J 
J 
W u 
U 4 30 

0 
u) 

20 

y/ D I S T A N C E  B E T W E E N  P L A T E S  = 8 . 2 5  IN 

10 20 30 4 0  50 60 7 0  80 90 1 0 0  

4 ,  S O L A R  F L U X  A N G L f l  O F  I N C I D E N C E -  D E G R E E S  

FIGURE 3 - 2 1  CELL TEMPERATURE, CROSS SECTION A 
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10 20 30 40 50  60 70 80 YO 100 4 ,  SOLAR H E A T  FLUX A N G L E  OF I N C I D E N C E r u D E G R E E S  

F I G U R E  3.22 CELL T E M P E R A T U R E ,  C R O S S  S E C T I O N  A 
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I- 
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W u 
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-1 
0 
u) 

10 2 0  30 A 0  50 GO 70 80 YO 1 0 0  
4 ,  S O L A R  H E A T  FLUX A N G L E  OF- I N C I D E N C E N D E G R E E S  

FIGURE 3.23 CELL TEMPERATURE, CROSS SECTION B 
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10 20 30 40 50 60 70 80 90 1 0 0  9. S O L A R  H E A T  F L U X  A N G L E  O F  I N C I D E N C E  D E G R E E S  

FIGURE 3.26 CELL TEMPERATURE, CROSS SECTION A 

10 2 0  30 A 0  50 Cr) 70 8 0  90 1 0 0  

4 ,  S O L A R  F L l l X  ANGILL OF I P I C l L l t  N C E  Dt.Gi I I  F L, 

FIGURE 3 . 2 7  CELL TEMPERATURE,  CROSS SECTION B 
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3.5 WEIGHT SUnUVIARY 

Nom en c la t u r e 

Structure 

End Plate (Drive End) 

End Plate 

Housing 

Front Plate (Substrate Support) 

SUB TOTAL 

Drive and Deployment Mechanisms 

Spring Motor 

Drum and Gear Assembly (Drive) 

Drum Assembly (Take Up) 

Gear Assembly (Idler)  

Gear (Pinion) 

Shaft (Drive Assy) 

Shaft (Take-up Assy) 

Shaft (Idler Assy) 

Ball Screws 

Ball Bearing Screw Assembly 

Bearing Block Assembly (Scr. Support) 

Pin (Scissors  Links t o  B /B  Nuts) 

Box Links 

Channel Links 

Quantity 

1 

1 

1 

1 

1 

1 

1 

2 

2 

1 

1 

2 

4 

2 

2 

2 

8.5 

8.5 

FIGURE 3.29 WE1 GHT SUMMARY 

3 - 3 3  

Total Weight 

. 29  

.29 

.32  

.10 

1.00 

. 2 5  

.15 

. 0 6  

. 0 6  

.02  

. 0 4  

.016 

.015  

. 2 4  

. 7 1  

.06  

0 

1.79 

. 7 1  



~~~~~ 

- Nomenclature 

Scissors  Hinge Pins 

Washers 

Fitting - Support Plate Attach 

SUB TOTAL 

Damper Mechanism 

Brake Drum 

Brake Shoe Assembly(Wt. & Friction Pad) 

Intermediate. Gear 

Brake Lever  and Gear 

Shaft Intermediate Gear 

Gear and Clutch Assembly 

SUB TOTAL 

Release System 

SUB TOTAL 

Ar ray  

Membrane 

Stiffeners 

Adhesive 

Cells, Bond 

Rollers 

SUB TOTAL 

M is cellane ou s 

Bearings 

Fas teners  
SUB TOTAL 

@ant ity 

25 

A/R 

1 

1 

2 

1 

1 

1 

1 

1 

2 

Total Weight 

. 2 1  

. 2 5  

. 0 4  

4.62 

.16  

. 2 0  

. 0 5  

. 0 5  

. 0 7  

. 0 7  

.60  

. 1 4  

. 1 4  

.24 

. 6 8  

.50  

4.58 

. 8 7  

6. 87 

. 1 8  

,15 
. 3 3  

TOTAL 13,56 

FIGURE 3.29 (CONT' D) 
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4.0 TEST 

A s e r i e s  of development tes t s  were run on the PROP model. 

designed to check out the system, verify the analytical analysis, and 

determine the integrity of the design. 

These were  

The chronological order  of the scheduled tes t  was: 

0 Downward deployment 

0 Humidity 

0 Vibration 

0 Spin deployment 

Due to scheduling problems the vibration test w a s  performed partially be- 

fo re  the spin deployment and the rest la te r .  

In addition to the scheduled tes ts ,  an additional t e s t  was  requested fo r  the 

brake  assembly to  determine if it was  the major  contributor to the fgilure 

on the spin test .  

4.1 DOWNWARD DEPLOYMENT TEST 

Th i s  tes t  w a s  pr imari ly  for mechanical system checkout. 

t ask  was to obtain data on the brake mechanism. 

not issued since th i s  w a s  more  an effort to "de-bug'' the system than to 

obtain information. 

A secondary 

A formal  tes t  plan was  

The  tes t  setup is shown in figures 4 . 1  through 4 . 3 .  

5 ° C  facility using fixture 528-80006. 

s i ze  were added to the end plate bi-acket and the total dcployment t ime for 

each r u n  was mcasured. 

It was performed at the 

During the test, weights of increasing 
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F I G U R E  4.3 DOWNWARD DEPLOYMENT TEST 
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.. .<...--. . .". . 

Data from the tes t  is shown in figure 4 .4 .  

b o k  locus expected from a V 

It generally descr ibes  a pa ra -  
2 

damper. 

26 

2'4 

20 

0 
W 
0 
0 

A 

0 -  4 8 1 2  16 20 24 28 

DEPLOYMENT T IME (SEC.) 

t 

F I G U R E  4.4 DOWNWARD D E P L O Y M E N T  TEST 
ADDED WT.  V S  T I M E  

4.2 HUMIDITY TEST 

The principle environmental effects being investigated were: 

0 Corrosion 

0 Swelling 

0 Deterioration 

The tes t  was conducted in FI-IC facilities using a Tenney Chamber. 

test art icle was  in the undeployed condition during test .  

w e r e  24 hours  at 86' f2'F at a relative humidity of 45 rt57?0. 

visual examination disclosed no physical degradation. 

initiated 11 / 11 / 6 5  and conipleted the following day. 

of the test  setup. 

The 

Test conditions 

A post tes t  

The tes t  w a s  

Figure 4. 5 is a view 
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4.3 VIBRATION TEST 

The vibration tes t  included both sinusoidal and random shake. 

fication encompassed a range that would be expected for components on a 

small scientific satellite. 

The speci-  

The specific levels  a r e  tabulated below: 

Frequency 
(cps) . 

10-50 

5 1  -500 

501 -2000 

Sinusoidal Vibration 

Thrust Axis 
(2) (%‘SI 

2.3 

10.7 

21.0 

2001-3000 54.0 

Speed = One sweep up at a constant rate of two octaves. 

Transverse  Axis 
(X i?L Y )  (%IS) 

0.9 

2 . 1  

4.2 

17.0 

Random Vibration 

Frequency PSD Amplitude Duration 
Range (g2lcps) (g- rms)  (min. ) 

20-2000 .07  11.78 4. D 

The  test  w a s  ca r r i ed  out a t  the FHC test  facility using the Ling A300B 

shaker  and fixture 528-80002 (see figure 4 . 6  ). 

m e t e r s  were  attached to  the-s t ructure  as shown in Figure 4.7 . 
of the  instruments were  recorded on a visicorder.  

Five CRL 606 accelero- 

Responses 

The  only deviation to the input levels w a s  in the Z axis  direction for  2000-3000 

cps.  The capability of the shaker w a s  limited to 21  g ’ s  vs .  the required 54. 

A post test  deployment and inspection of the. unit revealed no physical damage 

t o  e i ther  the s t ructural  and mechanical system or to the’flexible a r r ay .  

Amplification a n d  resonant responses a r e  indicated in Figures 4. 8 t h r u  4. 10. 
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V I B R A T  ION / 
X A X I S  

I N P U T  

V I B R A T I O N  t. 
Y A X I S  

- 
v I B R A T I O N  

2 A X I S  

FIGURE 

T A K E  U P  

B R A K E  

S P R I N G  MOTOR, C O N T R O L  

R E E L  

I N P U T  

CO N T R O  L 

4.7 VI BRATION TEST I NSTRUMENTATI ON 
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4.4 SPIN DEPLOYMENT TEST 

This  tes t  was  of most  interest  to  the program. I t s  intent was  to success-  

fully demonstrate the feasibility of deploying a flexible a r r a y  under condi- 

tions simulating those of a spinning vehicle in space. 

Unfortunately these conditions can only be approximated by a ground test .  

The obvious problems a r e  gravity and the atmosphere. Several  schemes 

were  proposed to solve these difficulties. The one selected w a s  to  spin 

deploy in a vacuum chamber. 

was chosen. 

below 10 t o r r  and has  a 5 H .P .  spin table available. This  effectively 

simulated the spacecraft  motion and at the sarne t ime eliminated air drag. 

Elimination of gravity f o r c e s  was  not possible, but their  effect w a s  minimized 

by the monorail device on the tes t  fixture, 528-80000 shown in f igures  4. 11 

and 4. 12. The monorail was attached by a small  slack cable to the bracket 

on the front plate of the Deployable Solar Array. 

intended to be  operable during deployment since the combination of centri-  

fugal force and mechanism stiffness makes the linkage self-supporting. 

The cable w a s  needed when the angular velocity decayed to  a point w e e r e  

the radial  fo rces  were  too small  to l imit  the deflections. 

a previous section, the linkage was designed to be self-supporting, but it 

w a s  felt prudent not to tes t  it until all other t e s t s  w e r e  completed. 

The Dynamic Tes t  Chamber at GSFC - TGLE 

This chamber is 34 feet in diameter,  can be evacuated to 
-3  

This  support w a s  not 

A s  mentioned in 

The disadvantage of the monorail  device is the increased m a s s  moment 

of iner t ia  of the test setup. This  increased the deployment r a t e  of the 

subs t ra te  and tended not to despin the fixture to the r a t e  of an orbiting 

vehicle. The effect on the Deployable Solar Array  was to increase the 

tension in the substrate  and induce grea te r  side loads into the linkage. 

This, incidentally, was the c r i te r ia  €or the Deployable Solar Array  design. 
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The test  .setup in the chamber is shown in figures 4. 11 and 4 . 1 2 .  

data included spin r a t e  decay and two high speed movie carneras.  

camera was mounted on the chamber ceiling; the other was attached to the 

Test  

One 

tes t  fixture, rotating with the test specimen. 

The tes t  plan specified two deployments. 

at 160. 

The chamber p re s su re  was approximately 4.5 x 10 

One at 80 rpm and the second 

The 80 rem te s t  w a s  completed on 11/18/65 without incident. - 
t o r r .  The recorder  

data is shown in figure 4.13. 

for  the tes t  is shown in figure 4.14. 

The film coverage was good, and did not reveal any unusual event. 

A comparison of the data with that calculated 

It ref lects  reasonably good correlation. 

- 3  
The 160 rpm w a s  s tar ted 1 1 / 1 9 / 6 5 .  

torr, the table spun up and the substrate released. 

the substrate was half deployed, separated and thrown against the chamber 

wa l l .  

off. 

The chamber was evacuated to 4 x 10 

Almost immediately 

One complete revolution la ter  the linkage broke and it too was thrown 

A post tes t  examination disclosed that the r ip  in the substrate occur*ed 50% 

of the way out. 

in the corner formed by the end plate and the top plate. 

camera  on the fixture shows an obviously la rge  side load imposed on the 

deploying a r r a y  and linkage and a very  rapid initial deployment. 

r a t e  data is shown in figure 4-15 .  

af ter  failure was due to vibration of the monorail support tube after the 

failure.  

of imparting the load to the tube. 

f o r  the a r r ay  jamming in the upper corner  of the s t ructure  ra ther  than 

the l o w e r .  

a lower corner  because of gravity. 

tated the end of the a r ray  about the tube axis thereby forcing the a r r ay  

upwards and catching in the upper corner .  . 

The tear  appeared to  be instigated by wedging the a r r a y  

The film from the 

The spin 

The sinusoidal shape of the curve 

The res t ra in t  wire  f r o m  the end plate to the tube was the means 

This  wire  is also the probable reason 

Normally it would be expected that the a r r a y  would catch in 

The wire,  however, must have r o -  
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t 1 

F I G U R E  4.15 TEST DATA 160 RPM DEPLOYMENT 

From the data and movie coverage it is evident the failure w a s  caused by 

too high a radial  velocity of links and array,  thus causing excessive side 

loads due to  corol is  acceleration. e 

= 2 0  g 
corolis C 

A 

o = angular velocity 
C 

X = radial  velocity 

Several  causes  were considered: 

0 Brake malfunction 

0 

e 

Broken shear  pin in  substrate rol ler  

Sub s 1 r a 1 e s e p a r at  i o n from r ol 1 e r 
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c 

Carefi I disassembly of the unit did not reveal the la t te r  two, and it w a s  

concluded a brake failure had occurred. 

Possible causes  of brake failure are:  

0 Vacuuin effects 

0 Centrifugal force effects 

0 Failure  of brake components 

0 . Error  in analysis 

The f i r s t  item probably can safely be disregarded since the effect of 

vacuum is to cold weld or increase friction. 

r a t h e r  than increase deployment ra tes .  

Both would tend to r e t a rd  

Centrifugal force  effects (F ) caused by table rotation, especially those 

which produce a side load on the brake, a r e  .good possibilities. 

f o r c e s  in the plane of the flyweights (F r 
craft axis, tend to  balance out or increase the brake effectiveness. *See 

Figure  4 . 1 6 .  

a 
Centrifugal 

caused by rotation about the space- 

F I G U R E  4.16 FORCE DIAGRAM 
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Disassembly of the brake disclosed no mechanical failure of brake com- 

ponents and was, therefore, disregarded a s  a possible cause. 

Close correlation between analytical and tes t  data on the 80 rpm run 

lends confidence that the analysis is accurate ( see  figure 4. 14). 

The indication then, is that the failure was in the brake and probably due 

to  centrifugal forces.  

tion of this tes t  and the resul ts  a r e  in Section 4.5. 

A new test w a s  planned to  verify this. A descr ip-  

4.5 BRAKE. TEST 

The need for this tes t  w a s  explained in the' previous section. 

facility was. used. 

Rotary Accelerator. 

The FHC 

The specific equipment was a Schaevitz type B-8-A 

Tes t  fixture 528-80007 was attached to  the a r m  of the centrifuge a s  shown 

in figures 4 , 1 7  and 4.18. Parameters  examined were: 

0 

0 Angular velocity 

0 Friction shoe mater ia l  . 

The resul ts  a r e  shown in figure 4. 19. 

completed for the condition of no braking. 

f igure 4.19. 

r e su l t s  using various weights to obtain frictional and inertial  data. 

An additional set  of t e s t s  were a l so  

This data is also shown in 

Figure 4.20 presents the t a r e  information o r  non-spinning 

During this  test, the failure of the brake was not duplicated. 

a r e  possibilities: 

Several reasons 
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I 

0 The brake was not the cause of failure 

0 Subsequent handling and disassembly a f te r  the failure 

removed the cause of the failure 

9 Failure of the brake was caused by improper  rewinding 

of the substrate a f te r  the 80 rmp  test  

It would be imprudent t o  flatly state that the f i r s t  item is false.  There is, 

however, some reason to  believe that this is so. Review of the calculated 

and test  data for the 160 rmp  substrate deployment tes t  indicates an actual 

ra te  four times that expected. The brake spin tes t  for  phenolic shoes a l so  

shows a deployment four t imes that of the brake off case.  

not conclusive, but it is felt to be a little more  than coincidence. 

Again, this is 

Greater  forethought may have directed a c loser  scrutiny of the brake af ter  

the test, but this unfortunately was not done. 

Subsequent effort on the brake system wi l l  be directed toward developing 

. a  more  jamproof system and a t  the same time increasing the capacity of 

the brake. e 
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. 5.0 CONCLUSIONS AND RECOMMENDATIONS 
b 

t 

c 

It can be shown analytically that deployment a t  80 rpm on the spin fixture 

is a more stringent les t  of the integrity of the mechanism than the specified 

deployment a t  160 rpni on a spacecraft with four a r r a y s .  Therefore, a l l  the 

objectives of Phase I were met even though a failure occurred during testing 

at 160 rpm. 

They indicate that, except for  the f i r s t  two feet, the shear  and moment is 

always grea te r  for the 80 rpm test than the deployment specifications. Note 

also that the maximum M for  tes t  i s  50% higher than the maximum M for  the 

flight art icle.  

quite unrealistic since both maximum shear  and maximum moment a r e  much 

g rea t e r  than necessary.  

occurs  a t  approximately 4 feet of deployed length on the tes t  calculations and 

a l so  seems to be independent of rpm. Since this  is a l so  the failure condition 

on testing, it provides greater  confidence in the deployment analysis. 

tension on the substrates,  shown in figure 5. 2, a l so  indicate that the 80 rpm 

t e s t  is valid tes t  c r i te r ia  to  show successful deployment. 

The resu l t s  of the analysis a r e  shown in figures 5 . 1  and 5.2. 

It is a l so  evident from this figure that the 160 rpm test  was 

It is interesting to note that the maximum moment 

The 

0 

The development of the hardware a l so  verifies the study resu l t s  that, for  

th i s  application, the Deployable Solar Array is a much more  efficient pack- 

aging concept than rigid systems.  

weight ra t ios  over rigid concepts. 

growth possibilities of this a r r a y  a r e  in f igures  5. 3 and 5.4.  Data used for  

the study a r e  actual weights and volumes derived from the Deployable Solar 

A r r a y  hardware. The asymptote for  the a r r a y s  in figure 5 . 3  is probably 

around 2 .5  sq. ft. per  pound. 

and s t ruc ture  becomes very  small compared to  the substrate .  

alone has an arca/weight ra t io  of 2 .  67  f t .  

l ighter  cells and cover glass,  but no effort  was made in this direction. 

It a lso provides slight gains in power-to- 

The resul ts  of an investigation of the 

This is the case  where the weight of mechanism 

The substrate 
2 

/ lb.  It could be improved using 
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b 

Figure 5 . 4  does not indicate a theoretical limit on the gain in Area/Volume 

rat io  fo r  this concept of so la r  a r ray .  

dictated by the linkage, etc. Figure 5. 4 does point up, however, a consid- 

erable  gain in packaging efficiency for a flexible a r r a y .  

L The practical  limit would probably be 

Several recommendations a r e  evident from the resul ts  of Phase I, 

important is to  develop a more  reliable damping system. 

signs a r e  under consideration. 

ly  used, but with refinements. 

a r e  s t i l l  valid and a r e  covered in the study report .  

haustive brake tes t  program should be conducted pr ior  to  installation into 

the a r r a y  to  detect any malfunction. 

The most 

Several  new de- 

They a r e  a l l  of the centrifugal type previous- 

The reasons for using a brake of this  type 

In addition, a more  ex- 

Another a rea  in which it became apparent that more  work was needed is 

handling equipment fo r  the deployed a r r ay .  

wind equipment would a l so  be helpful. 

par t  of the design but would be removable A. G. E. i tems.  

Automatic or semi-automatic r e  - 
The la t te r  should not be a permanent 

According to  the present Phase I1 plan, more  work wi l l  be done on the sub- 

s t ra te .  

aspects  of the design. 

m et h od s of a r r ay  fa b r i ca t i on. 

A s  part  of this  task it would be advisable to  consider the repairability 

It would also be appropriate to  investigate production 

It would also be considered a more worthwhile endeavor to  design and fabri-  

cate one new unit with twice the a rea  of the present design ra ther  than the two 

planned prototypes. 

involved with l a rge r  a r r ays ,  it will provide another data point f rom which 

extrapolation can be made on the design of la rger  a r r ays .  

In addition to  providing more  insight into the problems 
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A s  f a r  a s  future work is concerned, it would be well to study the uses  of a 

flexible a r r a y  on other than a spinning vehicle. 

the same a s  the forerunner of this program, but would a l so  include re-design 

studies of existing spacecraft  t o  determine what possible weight, volume o r  

other  advantages may be obtained. 

This study would be roughly 

U 
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6.0 NEW TECHNOLOGY 

No new inventions have been disclosed a s  a resul t  of th i s  contract. 
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